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A technique for automatic retrospective correction of motion artifacts on magnetic resonance (MR) images was developed that uses only the raw (complex) data from the MR imager and requires no knowledge of patient motion during the acquisition. The algorithm was tested on coronal images of the rotator cuff in a series of 144 patients, and the improvements in image quality were similar to those achieved with navigator echoes. The results demonstrate that autocorrection can significantly reduce motion artifacts in a technically demanding MR imaging application.
The most important remaining limitation in many current magnetic resonance (MR) imaging examinations is image corruption due to patient motion, which leads to ghosting, blurring, and other artifacts on the image. A wide variety of techniques have been developed to minimize the effects of such motion, such as physiologic gating (1) , phase-encode reordering (2) , and gradient moment nulling (3) . Each of these has specific capabilities and limitations. Some acquisitions, such as spiral images or radial images with projection reconstruction, are naturally less sensitive to motion artifacts, but artifacts are not eliminated entirely (4, 5) . Fast acquisition techniques, such as echoplanar imaging (6) , have become increasingly important and greatly reduce motion effects. However, these techniques have limitations such as lower spatial resolution, reduced signal-to-noise ratio, and vulnerability to susceptibility and other artifacts. They cannot yet replace conventional spin-warp (two-dimensional Fourier transform) imaging in applications where the highest spatial resolution and signal-to-noise resolution are important. A variety of postprocessing techniques have been developed that attempt to deduce and correct for motion from the raw data alone (7) (8) (9) (10) (11) , but each has its own limitations or special requirements, and none have gained widespread acceptance.
Navigator-echo-based adaptive motion correction is a promising technique for retrospectively removing the effects of global motion (12) that uses additional echoes inserted in the pulse sequence to directly measure inter-and intraview motion in specific directions. The ability of navigator echoes to track (and correct for) one-dimensional translational motion is well established, and they have been shown to be effective in reducing motion artifacts in diverse applications such as rotator cuff and coronary artery MR imaging (13, 14) . More complicated motions can be measured with orbital navigator echoes (15) , and prospective correction has been demonstrated in both standard MR imaging (16) and functional MR imaging of the brain (17) . Navigatorecho techniques have also been widely applied for diffusion imaging (18) . However, navigator-echo techniques require use of special pulse sequences that are not yet generally available in commercial imagers.
Recently, several approaches for performing adaptive motion correction without navigator echoes have been proposed (19) (20) (21) . In principle, such autocorrection techniques could be applied to any type of MR image data rather than just those obtained with special navigator-echo pulse sequences. These algorithms correct for global motion during MR image acquisition by applying corrections for different possible assumed motions and searching for the resultant image with the highest quality by means of a suitable (13) . Navigator-echo-based adaptive motion correction has been shown to be effective for improving such images (13) , and the large database of raw (prereconstruction) MR data from that clinical series was used in this study to allow direct comparison of autocorrection and navigator-echobased adaptive correction results.
Materials and Methods
The autocorrection algorithm is described in detail in the Appendix. Briefly, it operates by searching over the space of possible motion corrections and choosing the correction that optimizes the image quality. We assume the motion to be inter-view, so that each line, or view, of k space has an associated displacement, representing the position of the patient at the time the view was acquired. The set of these displacement values for all views is the motion history. The algorithm iteratively adjusts an estimate of the motion history, starting from an initial estimate of zero motion throughout. For each estimate, the lines of k-space data are corrected for the assumed motion by the appropriate phase shifts, the data are transformed to the image domain, and the quality of the image is evaluated by computing a metric. The motion history estimate is gradually refined to optimize the quality of the corrected image.
The data set comprised 144 clinical shoulder studies acquired under routine clinical conditions with use of an interleaved navigator-echo pulse sequence as previously reported (13) . The oblique coronal images were acquired with a double spin-echo sequence to provide intermediate-and T2-weighted images. Pulse sequence parameters were repetition time of 2,000 msec and echo times of 23 and 69 msec (2,000/23, 69), 16-cm field of view, 192 views, 3-mm section thickness, 1.5-mm section gap, and no phase wrap. The navigator echo was acquired at 46 msec with no phase encoding, yielding a simple projection of the shoulder along the superior-to-inferior axis. This is known to be the primary direction of motion in such studies (13) . Navigator-echo corrections were applied for only inter-view motion in this direction only, yielding navigator-echo-corrected and original (uncorrected) versions of each image. More details of the acquisitions and the navigator-echo corrections are provided in reference 13. In reference 13, one study was rejected because some sections were lost owing to computer error, so only 143 studies are reported there. That study was included in the current study since the section of interest was available in this case.
Raw k-space data representing a section bisecting the rotator cuff was selected from each of the 144 intermediateweighted studies for autocorrection. These sections were then autocorrected by means of the algorithm described in the Appendix. The original, autocorrected, and navigator-echo-corrected images for the selected sections were printed onto film and evaluated by four observers experienced in reviewing shoulder images (R.L.E., J.P.F., K.P.M., and another radiologist). For each case, they were independently asked to review and score each image on the same scale of 1-5 as used in reference 13: score of 1, nondiagnostic image quality; score of 2, severe motion effect; score of 3, moderate motion effect; score of 4, mild motion effect; and score of 5, no observable motion corruption. The three versions of each image were presented simultaneously, with no attempt to blind the observers. The observers were also asked to directly compare the navigator-echo-corrected with the autocorrected images. Differences between image pairs were scored with the following scale: score of plus or minus 2, substantial difference; score of plus or minus 1, observable difference; and score of 0, no observable difference. This paired comparison was performed to more clearly differentiate subtle differences between navigator-echo-corrected and autocorrected images. The nonparametric Wilcoxon signed rank test (22) was used in all cases to assess the statistical significance of differences in the scores between each pair of image sets. Figure 1 shows the percentage of images that received each score (from 1 to 5) for the original images and the two correction techniques. Both correction techniques substantially reduced the percentage of images with low scores, increased the percentage with high scores, and skewed the distribution of scores strongly toward the excellent quality side as compared with the original distribution. Among the original images, only 23% were judged to be free of observable motion corruption. Autocorrection and navigator echoes both increased this value to 39%. Conversely, 48% of the original images showed moderate motion corruption or worse (scores from 1 to 3). This number was reduced to 27% after navigator-echo correction and to 28% after autocorrection.
Results

Absolute Scores
The Table shows the net change in observer score when the correction techniques were applied to the original images. For 576 (4 ϫ 144) total scores, navigator echoes were judged to have improved the image 307 times versus 279 times for autocorrection. Autocorrection, Figure 1 . Absolute observer scores for images. Bar graph depicts percentages of images that received scores of 1 (nondiagnostic image quality) through 5 (no observable motion corruption) for original, autocorrected, and navigator-echo-corrected images. Both correction techniques substantially reduced the percentage of images with low scores, increased the percentage with high scores, and skewed the distribution of scores strongly toward the excellent quality side as compared with the original distribution.
however, was more reliable. Navigatorecho correction was judged to have degraded an image six times, whereas autocorrection was never judged to have degraded an image. The Table also shows the average improvement in the observer scores for an image with each technique. Images with an original score of 5 were not considered in the averages, since they could not possibly be improved and were never degraded with either technique. The overall average improvement with autocorrection (0.71) was more than 90% of that with navigator echoes (0.78). The Table also shows the average improvement in score as a function of the original score. For images that were badly corrupted (low original score), autocorrection did not perform as well as navigator-echo correction on average, whereas for images that were only slightly or moderately corrupted (original scores of 3 or 4), autocorrection performance approached that of navigator echoes.
The navigator-echo-corrected and autocorrected images were significantly better than the original images as determined with the Wilcoxon signed rank test, with a P value less than .001. The 95% CI for the mean improvement was 0.48, 0.66 score points for navigator-echo correction and 0.42, 0.57 for autocorrection. The navigator-echo-corrected images were slightly but significantly better than the autocorrected images, with a P value less than .003 and the 95% CI for the mean difference of 0.02, 0.12 score points in favor of the navigator-echocorrected images. This small difference is discernible as significant in the current study only because of the large number of cases. Figure 2 shows the results of the paired comparisons between the autocorrected and navigator-echo-corrected images. The pattern of findings is similar to that for the absolute scores. The images were considered to be of equal quality about 75% of the time, the navigator-echocorrected images were better about 15% of the time, and the autocorrected images were better about 10% of the time. The navigator-echo-corrected images were again slightly but significantly better than the autocorrected images on the basis of the Wilcoxon signed rank test, with a P value less than .003. The 95% CI for the mean difference was 0.03, 0.19 score points in favor of the navigator-echocorrected images. Figure 3 shows autocorrected images obtained in two patients. Motion artifacts are appreciably reduced in the autocorrected images compared with the original images, and the autocorrected images are visually indistinguishable from the navigator-echo-corrected images. Figure 4 shows a case where navigator-echo correction is superior to autocorrection. Typically, these cases occur when the original image is badly corrupted, and autocorrection improves the image but not as much as navigator-echo correction. Figure 5 shows the converse result: a case where the autocorrected images were superior to the navigator-echo-corrected images. In such cases, navigator-echo correction may be dominated by very hyperintense fat (top right in Fig 5) in a region that moves less than the humeral head. The navigator echo may determine a correction that is more appropriate to that region of the image.
Relative Scores
Sample Results
Comparison of Autocorrectiondeduced and Navigator-Echomeasured Motions
As a byproduct, the autocorrection process yielded an estimate of the motion that took place during data acquisition, analogous to the data provided with navigator echoes (but deduced from the image data alone). Figure 6 shows an ex- ample of the motion estimated with the autocorrection process for the original shoulder image in Figure 3a as compared with the navigator-echo-measured motion. Agreement was good except near the center of k space, where relatively large motions in terms of pixels corresponded to very small phase shifts. The measured motion showed a gradual shift of shoulder position of about 3 pixels (about 2 mm) over the course of the examination, owing to relaxation. This is a commonly observed type of motion and is sufficient to corrupt the image to the extent seen in Figure 3 . As is evident there, both autocorrection and navigator-echo correction can restore this image very well.
Observer Score Data
Discussion
Results in the current study demonstrate that the autocorrection technique provides results that are at least 90% as effective as navigator-echo-based adaptive motion correction for imaging the rotator cuff in a clinical series. Unlike navigator-echo-based motion correction, the autocorrection technique never degraded an image.
This study did not attempt to measure the effect of autocorrection on diagnostic accuracy, owing to the difficulty of obtaining an independent test to establish the diagnosis. However, the improvements in image quality are readily apparent, and they were obtained without additional acquisition time, special pulse sequences, special hardware, or any sort of patient preparation. Further studies are required to define the ultimate clinical applicability of the technique. Note that since the autocorrection algorithm uses only the raw (complex) data from the imager, it can be applied retrospectively to any data set from any imager for which that information was saved, even data that is years old. Several limitations of the autocorrection technique are apparent. As with navigator-echo-based adaptive motion correction techniques, the autocorrection method is not capable of addressing nonglobal motion. The technique cannot address the effects of through-plane motion in two-dimensional imaging, although this limitation does not extend to three-dimensional acquisitions. Perhaps the most important current limitation is the computation time, which was 20 minutes per section with a UNIX workstation for the algorithm evaluated in the current study. More recent versions of the algorithm have been better optimized and require less than 20 seconds per section. We anticipate that further marked reductions in processing time are possible with future hardware and software improvements.
The autocorrection approach can also correct for motion in the left-to-right (frequency-encoding) direction, at the expense of approximately doubling the computation time. This proved to have little value in the shoulder images, as the motion was predominantly superior to inferior. The algorithm can also be readily extended to more complicated motions such as rotations and three-dimensional acquisitions (19, 23) for other applications, although the quality of correction that can be achieved in these cases remains a subject for future research. Preliminary work has also demonstrated the feasibility of applying local corrections that vary in different regions of an image that contains nonglobal motion (24) .
Findings in this study have shown that the autocorrection technique can be used to retrospectively reduce motion artifacts and unsharpness in a technically demanding MR imaging application. The algorithm presented herein uses only the raw (complex) data from the imager and yet performs comparably to navigator-echobased adaptive motion correction. This result is notable because navigator-echo techniques explicitly track object motion, whereas autocorrection uses no motion information. The algorithm is flexible and may be extensible to other types of motion effects and to other types of artifacts on MR images.
Appendix
Autocorrection Algorithm
The autocorrection algorithm does not attempt to track patient motion or seek information about motion explicitly in the k-space data. Rather, autocorrection defines a measure or metric of image quality and searches over the space of possible motion corrections, trying to optimize this quantity. It is assumed that the metric has an optimal value if the object is stationary and that any motion during the imaging sequence will corrupt the image and degrade this value (in other words, it is impossible to make an image better with patient motion). It is also assumed that the better the value of the metric, the better the visual quality of the image.
In mathematical terms, autocorrection casts motion correction as an optimization problem, with the metric as the cost function, in a very high-dimensional space. It is very difficult to find the global minimum of such a cost function. However, it appears to be possible to search the space of possible solutions in a way that yields good improvements in image quality in reasonable time. Similar approaches are commonly used in the autofocusing of synthetic aperture data (25, 26) and in static correction problems in seismic data inversion (27, 28) .
A recent publication showed the feasibility of such an approach for MR motion correction, presenting an algorithm that used image entropy minimization as the focus criterion (19) . The algorithm described herein is similar but incorporates improvements and differences.
Shoulder Correction Algorithm
The most important motion in the shoulder during rotator cuff MR imaging is known to be translation along the superior-to-inferior direction, so we considered only that degree of freedom, which simplified the calculations considerably (13) . The motion is assumed to be inter-view, so that each line, or view, of k space has an associated displacement, representing the patient position when the view was acquired. The set of these displacement values for all views is the motion history. The algorithm iteratively adjusts an estimate of the motion history, starting from an initial estimate of zero motion, to optimize image quality.
The algorithm begins with the acquired k-space data (384 views of 256 points each) and initially groups views in blocks of 64. A given block of views is corrected for a trial motion, as if the patient had in fact moved by that amount during their acquisition. The phase correction for motion of ⌬y j (in pixels) for view k j is simply a rotation of each element of that view by ⌬ ϭ 2 ϫ k j ϫ ⌬y j (12, 13) . The data are then transformed to image space, and the metric is calculated. The value of the metric is compared to the results for other trial motions, and the optimal motion correction for that block of views is determined, by using golden section optimization (29) , to an accuracy of 0.02 pixel. This is done starting with a block on one side of the center of k space and working alternately outward. When corrections are complete for the blocks of 64, the process is begun again with blocks of 32, and so on until individual views are considered one at a time. This procedure allows the algorithm to gradually approximate the motion history more and more accurately as it moves to smaller block sizes.
Image Quality Metric
The success of the algorithm depends critically on the appropriate choice of an image quality metric, which should correlate well with an expert observer's opinion of image quality. The entropy of an image (the metric used in reference 19) is most sensitive to the dark areas of the image (minimizing ghosts in the background) and is insensitive to bright areas. Indeed, recent work has shown that a certain amount of dark area is necessary for image-entropy-based autocorrection on test images (30) . Experiments with image entropy on the shoulder images resulted in reduced ghosting but insufficient sharpness, and the changes in the entropy values did not appear to correlate well with observer judgments of image quality.
A new metric is used here: the entropy of the gradient of the image. This quantity is equally sensitive to bright and dark areas and is minimized when the image consists of regions of uniform brightness separated by sharp edges. This is a fairly good model for what is expected in MR images of the body in ideal situations. In a related study (31, 32) , 24 different metrics were evaluated with the shoulder data set used in this study by comparing the difference in each metric value between the original and navigator-echocorrected images by means of the difference in observer scores of the quality of the two images. The entropy of the gradient had the highest correlation with the observer scores (0.66), closely followed by the normalized variance of the gradient (0.65). These two metrics were far superior to all others tested. Image entropy placed 10th among the 24 metrics, with a correlation of 0.45, and thus is not as good a measure of image quality for this particular application.
